INTRODUCTION

45
Proficient Braille users are capable of reading a hundred words per minute through palpation of 46 spatially patterned embossed dots. Similarly, letters generated by an optical-to-tactile converter
47
(Optacon), a reading device for the blind, can be read by a skilled user at rates of 40 to 60 words 48 per minute or more. Even naïve subjects can identify letters of the alphabet tactually with 49 reasonable accuracy in laboratory settings (Craig 1979; b; 1976; Loomis 1980;  
51
Results from previous studies indicate that tactile spatial processing is quite good and may even 52 be as good as its visual counterpart when adjustments are made for the obvious differences at 53 the sensory periphery. In these studies, spatial patterns were presented visually and tactually 54 and the visual pattern was manipulated to compensate for these differences. In one series of 55 studies, visual letters were blurred to mimic the low-pass filtering of the skin, which eliminates 56 the higher spatial frequencies (Loomis 1982; Loomis, 1990) . With sufficient blurring, visual 57 performance levels matched their tactile counterparts, and the confusions between letters were 58 similar in vision and touch.
59
In another study, the sizes of tactile and visual letters were adjusted so as to equate the number 60 of receptors activated in the two modalities (Phillips et al. 1983 ). In the finger pad, the afferents 61 thought to convey spatial information at the highest resolution, slowly adapting type 1 (SA1) . At the fovea, the equivalent area spans about five minutes of arc (Curcio et al. 1990 ).
65
When both the tactile and visual letters spanned about 5 receptors (5 mm, 2.5 minutes of arc, 66 respectively), letter identification performance was similar for the two modalities, about 50% 67 correct. Furthermore, the patterns of confusions were similar in the two modalities, as had been 68 found in Loomis's studies. Together, these studies supported the hypothesis that visual and 69 tactile form processing rely on analogous neural mechanisms.
70
Although the consensus favors the idea that visual and tactile processing of spatial patterns is 71 similar when differences at the periphery are accounted for, there are data that point to 72 differences in central processing between the senses. For example, Loomis (1993) found 73 differences in the effect of surrounds on the perception of visual and tactile spatial patterns.
74
More directly relevant to the present study, Loomis noted that with larger-sized patterns, vision 75 consistently outperformed touch (Loomis, 1990 ).
76
One aim of the present study was to extend the comparisons of visual and tactile pattern 
84
The second aim of the study was to equate the peripheral images in the tactile and visual 85 modality using a principled approach. First, we equated the number of activated receptors (as 86 had Phillips and colleagues). Second, we filtered the visual image using a model of skin 87 4 mechanics that precisely reproduces the spatial filtering properties of the skin (Sripati et al.
88
2006). The present study consisted of a series of three experiments. In these experiments, 89 subjects were presented with spatial patterns, either tactually or visually. In Experiments 1 and 90 3, the task was to identify the pattern. In Experiment 2 the task was to discriminate between 91 two patterns.
92
METHODS
93
Tactile stimulus presentation
94
Because one of the aims of this study was to compare tactile and visual processing, we sought to 95 equate the stimulus presentation in the two modalities to the extent possible. The tactile stimuli
96
were presented through a tactile stimulator, consisting of 400 probes -each under independent 97 computer control -arrayed in a 20 x 20 matrix, spanning a 1 cm x 1 cm area (Killebrew et al.
98
2007). This array is capable of delivering complex spatiotemporal patterns to the skin, as a 99 computer monitor does to the retina. The subject's left index finger was pressed against the 100 probes using a restraint that allowed for accurate, repeatable finger positioning on the 101 stimulator surface and a constant contact force. The density of the probes is greater than the 102 density at which SA1 afferents -primarily responsible for conveying fine spatial information -
103
innervate the fingertip skin. The probe density leads to a smooth percept despite the intrinsic 104 discreteness of the array (Bensmaia et al. 2006a; Bensmaia et al. 2006b ). The patterns were 105 generated by indenting the probes 500 µm into the skin. Unless otherwise noted, patterns were 106 presented for 500 ms after which the probes were withdrawn from the skin. 
163
Subjects
164
Of the 56 subjects who participated in this experiment, 20 (7 females) participated in the 165 experiment with tactile targets, 19 (3 females) in the experiment with unfiltered visual targets,
166
and 17 (7 females) in the experiment with the filtered visual targets. Subjects only participated
167
in one experiment to eliminate the possibility that they might learn the spatial patterns. All 168 subjects had normal or corrected to normal vision and reported no tactile abnormalities.
169
Subjects ranged in age from 18 to 32 years old.
170
Stimuli
171
The 112 target patterns were generated from seven sets of stimuli ( Figure 1A ). The first four sets 
190
As mentioned above, tactile targets spanned an area of 1 cm x 1 cm and visual targets spanned 
218
As discussed in more depth below, the objective of this experiment was to ascertain whether 219 any differences in performance between the visual and tactile conditions observed in
220
Experiment 1 might be attributable to the fact that the matching patterns were always 221 presented visually.
222
Subjects
223
Fifteen subjects participated in the experiment with the unfiltered visual stimuli and tactile 224 stimuli. Eight subjects (four females) participated in the cross-modal experiment: visual-tactile 225 or tactile-visual. Ten subjects were tested in the within modality discrimination (seven females).
226
Three subjects participated in both paradigms, first in the cross-modal then the unimodal 227 paradigm; their performance did not differ from that of the other subjects. Eight subjects (four 228 females) participated in experiments with filtered visual targets. One of them was tested on 229 both non-filtered and filtered images but she exhibited the same pattern of performance as the 230 subjects who were tested on one or the other.
231
Stimuli
232
We delivered bar patterns that differed from one another in the location and orientation of the 
243
Each two-and three-bar patterns could be paired with two types of possible "different" patterns, 
272
Stimuli
273
Target stimuli consisted of the 26 letters of the English alphabet, presented in Helvetica font.
274
Tactile patterns were 1 cm high, and visual ones spanned 5 min of arc in vertical extent.
275
Procedure
276
Subjects were presented with one of 26 letters of the alphabet, either tactually or visually, and
277
their task was to identify the letter. Each letter was presented once in random order, the subject 
286
RESULTS
287
Experiment 1: match-to-sample
288
First, subjects performed better on random-type trials than on within-type trials as might be 289 expected given that the five matching patterns on within-type trials tended to be more similar
290
to the target than did those on random-type trials (Geldard and Sherrick 1965; Horner 1991 
302
The only patterns that subjects were familiar with were the letters. 
324
In this experiment, we wished to address two questions. First, would the t-t condition (within 
327
compare with that in the t-t condition? That is, are subjects better at comparing two tactile 328 patterns than they are at comparing a tactile and a visual one? Again, testing was conducted
329
with both unfiltered and filtered visual patterns.
330
As shown in Figure 4 , performance was found to be considerably better when subjects 
356
Experiment 3: letter identification
357
In Experiments 1 and 2, vision consistently outperformed touch in pattern identification and 358 matching. As noted, several previous studies used raised letters as tactile patterns and arrived at 359 the conclusion that tactile and visual performance was similar or, at least, could be equated. We 360 considered several possibilities as to why, in the present study, tactile performance was 361 seemingly poorer than that observed in previous studies. One possibility was that, because the 362 letters were embedded with unfamiliar patterns, subjects in Experiment 1 could not use a 363 template matching strategy in the tactile conditions, in contrast to previous studies. Another 364 possibility is that the quality of the tactile stimuli was somehow poorer than that of the visual 365 stimuli, and that this difference in quality drove the observed behavioral differences. To test 366 these hypotheses, we measured subjects' ability to identify letters with the 400-probe array 367 under conditions that matched those in Experiment 1 and also conditions that matched those in 368 earlier studies with embossed letters.
369
In Experiment 3, visual letters were presented as they had been in Experiment 1, both
370
"unfiltered" and passed through the tactile filter (but always equated for the number of 
375
1983). For this reason, we varied the duration of the presentation of the patterns as well.
376
As expected, performance was found to improve as duration increases, but did so only modestly
377
( Figure 5 ). First, we gauged how well subjects performed relative to earlier measures with raised 378 letters. In two studies in which letter height was comparable to that in the present study (10 379 mm), identification performance was also comparable: 55% correct for 9-mm letters (Loomis 
391
However, a closer look at previously obtained functions relating performance to letter height 392 reveals a likely explanation and a critical finding that alters the view of the two sensory systems.
393
Letter identification performance improves as letters get larger for both vision and touch. 
400
data suggest that with letters of 10 min of visual angle, the size used in the present study, visual 401 performance would likely reach better than 90% correct, similar to that found here ( Figure 5 ).
402
The Loomis study (Loomis 1981a 
446
Effect of filtering
447
Transforming the visual image by filtering it through a skin-mechanics model so that it matched 448 its tactile counterpart resulted in a significant decrement in performance. As expected, this 
468
The function of shape processing in vision is to identify objects of arbitrary spatial complexity 
503
performance is lower than that for unfiltered letters but substantially higher than that for touch.
504
Error bars indicate the standard error of mean.
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